We study the flavor-changing couplings of the Higgs-boson with the top-quark using the processes: (a) pp −→ tt, (b) pp −→tj, and, (c) pp −→tjh at the LHC in light of current discovery of a 126 GeV Higgs-Boson. Sensitivities for the flavor-changing couplings are estimated using the LHC data that was collected until spring 2013. It is found that the process (c) is the most sensitive capable of yielding the best upper bound on the flavor-changing couplings with 2σ level sensitivities of |ξ 2 tc + ξ 2 tu | 1/2 < ∼ 2.6 × 10 −3 and < ∼ 1 × 10 −3 with the 7 TeV and 8 TeV centre-of-mass energies data from the LHC.
Introduction
Last year the ATLAS and CMS experiments at LHC made a monumental discovery, namely that of a scalar resonance with mass of about 126 GeV and properties akin to that of a Standard Model (SM) Higgs boson [1, 2] By now all of the prominent decay modes that have been measured are found to be quite consistent within appreciable errors with expectations based on the SM [3, 4] .
Given that this particle is of such a fundamental importance it should be clear that we need to study all its properties to excruciating details. In particular, we have to understand the issue of its stability against radiative corrections. Naively, one expects new physics to be there around a few TeV scale. To decipher its nature we are likely to need very precise measurements of the couplings of the Higgs.
In this work we will address the flavor changing couplings involving the Higgs and the top quark and try to use data to constrain these couplings. As is well known within the SM, such flavor off-diagonal couplings are highly suppressed and occurs only at loop level. At least in some popular models, such as warped extra-dimension the Higgs and the top quark may be particularly sensitive to flavor changing effects as they both are localized close to the TeV brane and the profiles of the KK-gluons are also peaked there [5] [6] [7] [8] [9] [10] . We study several different processes involving the top quark and the Higgs and find that pp −→tjh , (where j is a jet), is very sensitive in providing stringent constraints.
In warped models of course there are also general expectations of extra CP violating phases of O (1) . So CP violation studies are also highly motivated and we will return to this in another publication.
If such FCNCs are present, depending upon their size, they can influence the top-induced production processes, such as the single-top production processes where the top-quark is produced in association with lighter quarks, and Higgs, It can also modify (1) decay of the top-quark by allowing its decays into the Higgs-boson and a charm or an up-quark in addition to its known decays within the SM, and, (2) decay of the Higgs-boson into a virtual top-quark in association with a charm or an up-quark where the virtual top-decays as in (1) . In addition, these FCNCs can also contribute to the D 0 −D 0 mixing and can thus put some constraints on them as reported in the Ref. [11] .
The organisation of the paper is following: We begin with a brief introduction to the flavor-changing operators. In Sections 3 and 4 we will discuss the decay of the Higgs bosons and top-quark, and the production process we propose in this article. In section 5 we will present the actual analysis of of proposed processes in the light of LHC data on the Higgs-boson and the preexisting data on the top-quark from the Tevatron experiment. Finally we summarise our findings in Section 6.
The flavor-changing top-quark couplings
When the flavor-changing couplings of the Higgs are present, the SM Lagrangian can be extended by allowing the following additional terms,
where, for now, we consider that the flavor-changing couplings, ξ tu , and, ξ tc are real and symmetric, i. e. ξ tqu = ξ † tqu = ξ qut = ξ † qut , wherer, q u = u, c. As mentioned before, CP studies will be dealt with in a later study.
It is to be noted here that similar flavor-changing Lagraginan has been also widely studied in the Refs. [12] [13] [14] [15] , for example. These FV-interaction allow some interesting phenomenological consequences which are as follows:
(A) At the decay level 1. In addition to the usual decay modes, Higgs can also decay into single W ± -boson via an off-shell top, e.g. h →q u (t * → bW + ); (q u = u, c) where ' * ' means off-shell top, 2. top-quark can now also decay into a charm or an up-quark and a Higgs, e.g. t → q u h.
(B) At the production level 1. Because of FCNC we can have a pair of same-sign top produced via t-channel exchange of the Higgs, e.g. pp → tt(tt) through the parton level subprocesses, uu → tt, uc → tt and cc → tt.
2. The FCNCs of Higgs can contribute significantly to the production processes where a top-quark is produced in association with light partons, e.g. pp → tj u (tj u ), where j u = u, c.
3. Higgs can now be produced in association with a top-quark and an up or a charm quark, e.g. the process pp → tch(tch).
Let us discuss their consequences one-by-one in the following sections.
Higgs boson and top-quark decay rates
Let us now consider the decays of top-quark and Higgs-boson in the following subsections:
Top quark decays
Because m t − m h > m c , m u , m b , in addition to the usual decay into a bottom quark and a W + Boson, the top quark can also decay into a charm (or an up) quark and a Higgs-Boson. Therefore, the total decay width of the top-quark, Γ t will take the following form,
The t −→ bW + decay width at the NLO level is given by [16, 17] ,
The t −→ q u h (q u = u, c) partial decay width is given as,
where, Figure 1 we plot the branching ratio for the topquark decaying into a b-quark and a W + quark with respect to ξ tc and ξ tu . Clearly the maximum deviation in the Br(t → bW + ) from the SM corresponds to the ξ tc = 1 = ξ tu and amounts to be about 56%. 
Decays of the Higgs-Boson
Because of the flavor-changing couplings endowed by Eqn. (2.1) the Higgs-Boson can also have the following three-body decays: Therefore the total width, Γ h would be,
where Γ SM h = 3.3 using CalcHep. In our model the usual two-body decays of the Higgs boson, i.e., the LHC Higgs observables would take the following form,
where, X stands for two-body decay products of the produced Higgs-Boson, e.g.
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Production Processes at the LHC
We now turn to study some interesting production processes where the effect of the aforementioned flavor-changing couplings could be significant. Obviously the very first process, the tt may not be suitable as it will have relatively large SM background. Among the other leading processes are:
• (a) the same-sign top-pair, e.g. pp → tt(tt),
• (b) processes where a top-quark is produced in association with a light jet, e.g. pp → tj u (tj u ), where j u = u, c, and,
• (c) processes where the top-quark is produced in association with a Higgs and a light jet, e.g. pp → tj u h(tj u h).
The process (a), the same-sign top pair production is an interesting one as it has very little SM background. In a recent work by us [19] , it was found that this process can play a very important role in excluding many models proposed to explain the forward-backward asymmetry of the top-quark A t F B as observed by the Tevatron experiments (Also see, for example, [20] [21] [22] ). Within the model under consideration in this paper, at the LHC, a pair of same-sign top pair can be produced via the t-channel exchange of the Higgs through two flavor-changing couplings. For the m h = 125.7 GeV, the bare cross-section for this process is given by the following equations: respectively.
In the Eqns. above we notice that the numerical factors for the ξ 4 tu is larger than those proportional to ξ tc . This is because of the fact that the first term is due to the scattering of two valence up-quarks as opposed to other terms where one or both the initial partons are the (sea-)charm-quark(s). As discussed in Refs. [19] and in [23] this process has very little SM background and hence can be useful in constraining the couplings ξ tc and ξ tu . We will discuss this in detail in a later section.
The other two processes namely, (b) and (c) are perhaps even more interesting as both of these occur via only one flavor-changing vertex unlike the process (a). Therefore, we expect the cross-sections for these processes to be proportional to aξ 2 tu + bξ 2 tc where a and b are arbitrary constants. More specifically, the processes where a top or anti-top quark is produced in association with an up, anti-up, charm or anti-charm quark can occur via two Table 1 : Single top production cross-section (in fb units) at the LHC for √ s = 7 and 8 TeV in association with an up or a charm (anti-)quark. In all the processes the implemented basic cuts on the associated (anti-)quark are as follows: p T = 25 GeV, and, |η| ≤ 2.7. The Yuwaka couplings y u , y c , y t have been estimated using m u = 3 MeV, m c = 1.44 GeV and m t = 172.4 GeV respectively. The Higgs-Boson mass has been set to the observed central value, m h = 125.7 GeV.
ways: one, where a pair of initial (anti-)quarks with same or different flavor undergo t-channel exchange through the Higgs, e.g. processes of the formu → tq andu →tq, where, q = {q u , b}, q u = {u, c}. Therefore we expect cross-sections for these subprocesses to be proportional to y 2 q ξ 2 tqu where y q is the Yukawa coupling of the quark q. This suggests that although at the subprocess level, we gain in the processes where the initial parton is a b or ab due to large value of y b compared to y c and y u at the proton-proton level, we may loose due to relatively smaller parton densities for the b-quarks. The other type of contribution is due to the off-shell Higgs production in the s-channel due to gluon-pair fusion, where the Higgs decays into tq u ortq u . The composition of this process is discussed in detail for m h = 125.7 GeV in the Appendix A. The corresponding background and the total cross-sections for √ s = 7 and 8 TeV are summarised in Table 1 . The major source for this process is production of tb(tb) mediated by an off-shell W ± in the s-channel.
The production process (c) requires production of a tt pair where one of the top decays into a Higgs and an up or charm-quark. This process has very little SM background due to the production of (i) tbZ(tbZ), and, (ii) tbh(tbh). Clearly both of these processes are electro-weak processes which are mediated by an off-shell W ± -boson. e.g., pp → W ± * Z(W ± * h), and W * → tb(tb). Therefore we expect to find better bounds on ξ tc and ξ tu using this process. A detail of the cross-section and corresponding background to this process is given in Table 2 .
Flavor-changing Higgs and LHC observations
In this Section we will first discuss the flavor-changing couplings ξ tc and ξ tu in the context of the individual experimental observations as listed in Table 3 Serial and later we will make use of them all in order to obtain constraints on these couplings using the processes we propose here.
Let us first begin with total decay width of the top-quark, Γ t . As we have already noticed in Section 3.1, Γ t receives positive contributions proportional to ξ 2 tu and to ξ 2 tc due to additional decay processes t → uh and t → ch respectively. In Figure 2 we show contours at different standard deviations in the Γ t , with respect to its measured value as given in the Table 3 . This gives an upper bound on the ξ 2 tc + ξ 2 tu of about 0.9 at the 2σ level which is quite mild. In a similar way we study the Higgs observables R ggγγ , R gg2l2ν , R gg4l and their combined effects in light of recently updated data during Moriond-2013 as discussed in Table 3 . We plot contour for each of them in Figs. 3 at various Table 3 at various σ levels. The standard deviation is displayed in front of each of the contours.
sigma-levels using the combined ATLAS and CMS results. From these Figures we obtain upper bounds on ξ 2 tc + ξ 2 tu of about 1.7, 3.3, 1.8, and, 1.2, for R ggγγ , R gg2l2ν , R gg4l and for their combined effect respectively. This means the whole range of ξ tc and ξ tu (between -1 to +1) is allowed by these observables at the 2σ level.
In order to study the production processes we incorporated flavor-changing couplings in MadGraph5 [35] . We evaluate parton densities at a scale µ R = √ŝ = µ F using CTEQ6L1 [36] .
We present our result for the √ s = 7 TeV with an integrated luminosity of Ldt = 5 fb Using the formulae for the production cross-section in our model and their respective SM backgrounds as mentioned in Eqns. 4.1 and Tables 1 and 2 , and the constraints due to the Γ t and the LHC Higgs discovery observables R ggγγ , R gg2l2ν , and, R gg4l , we find the following upper bounds on the ξ Table 3 at various σ-levels. Clearly the bounds due to process (b) are not so promising which is partially due to the fact that it suffers from large SM background as mentioned in Table 1 . Note that although the processes (a) puts mild bound on ξ
it is interesting to analyse because it leads to unique signature in the form of a pair of same-sign leptons. The process (c) is certainly the best process among all of the aforementioned ones as it turns out to be very sensitive even to small , at the production level, for the processes pp −→ tj u (tj u ) (top) and pp −→ tj u h(tj u h) (bottom) for √ s = 7 (left) and 8 TeV (right) data at the LHC.
values of the flavor-changing couplings.
It is to be noted that in order to obtain the aforementioned bounds, we have assumed that we will be able to reconstruct the produced (anti-)top-quark(s), and the Higgs boson fully in all its detection modes. However due to poor reconstruction especially for the cases where the top-quark(s) decays hadronically into a b-jet and a pair of light parton jet, the above limits may not be so realistic. We therefore turn our focus to obtain the detection level bounds on these couplings. For this we work with processes with at least one lepton , at the decay level, for the processes pp −→ tj u (tj u ) where top-decays semileptonically, for √ s = 7 (left) and 8 TeV (right) data at the LHC. The standard deviation is displayed in front of each of the contours.
in the final state. Thus, in all the production processes we allow the produced (anti)top-quark to decay semileptonically, e.g, t → blν l , where l = e, µ. In case of the process (c) where a Higgs is also produced in association with the topquark and a jet, we work with h → bb and h → γγ. The reason for considering h → bb is merely to gain statistical advantage as within SM the branching ratio for h → bb for the given value of m h is about 79%. For the case where the Higgs decay into a pair of photons, although the branching ratio is quite suppressed 2.9 × 10 −3 , we expect it to be relatively "cleaner" than the h → bb case.
With this we will therefore have the following state topologies:
from process (b), and,
-l ± + j + 3b − jets + / E T , when h → bb, and , l ± + j + b − jets + 2γ + / E T , when h → γγ, from process (c).
The set of basic cuts used on the photons/leptons/jets in our study are as follows:
GeV, with i, k = {l, j, γ}. In addition, we also assume a b-jet identification efficiency of 58% [37] . We show the corresponding contour in ξ tc − ξ tu -plane in Figs. 5 and 6, for the cases without the Γ t and constraints from the Higgs observables and after 
for the √ s = 7 TeV with 5 fb −1 ( √ s = 8 TeV with 22 fb −1 ) data. Clearly, as expected the process pp → l ± + j + 3b − jets + / E T gives the best bound which is about O(2 × 10 −3 ) using the full 8 TeV data while the corresponding bound for the process pp → l ± + j + b − jets + 2γ + / E T is about O(2 × 10 −2 ) or so. A detailed list of sensitivities to all of these processes at individual and combined level is also presented in Table 4 for convenience.
Conclusions
We have studied the flavor-changing couplings of the Higgs boson with the top quark in light of the Higgs discovery, using the data at the LHC, for both √ s = 7 TeV and 8 TeV, along with the Tevatron measurements of the total decay width of the top-quark. In order to obtain better bounds to these processes we studied the same-sign top pair production, pp → tt(tt), single top production in association with a light parton jet, pp → tj(tj), and the process where the single top quark is produced in association with a Higgs and a light patron jet, pp → tjh(tjh). In our study, we found that the processes pp → tt(tt) and pp → tjh(tjh) can be extremely useful in providing stronger bounds on the flavor-changing couplings of the order of 2 × 10 −4 , particularly in case of the latter process with the Higgs-boson decays into a pair of b-jets and the (anti)top-quark decays semileptonically into a b-jet, a lepton and an invisible neutrino using the full data at √ s =8 TeV. This can be further improved by a factor of 20 or so provided the produced top-quark and the Higgs-bosons could be reconstructed fully from all of their detection modes. Therefore it is worthwhile for the ATLAS and CMS to analyse these processes to further constrain the flavor-changing couplings of the Higgs-boson. σ pp→tu+tū = σ uctu + σūctū + σū utu + σūūtū + P b→u (σ bctb + σcbtb + σ būtb + σūbtb) + σ bbtu + σ ggtu = (4.87 × 10 −6 + 0.68P b→qu )ξ 
